The goals of this project were to synthesize, characterize and model bulk nanostructured composite materials for thermoelectric energy conversion applications. The objective was to produce materials which demonstrate an increase in intrinsic thermoelectric efficiency of a factor of two or more over existing commercially-available materials.
III.

RESEARCH HIGHLIGHTS
Thermoelectric performance of bulk ZrgsHfasCoi^RhxSbngqSnam half-Heusler alloys. As in the Irsubstituted system, substitution of Rh for Co causes the material to change from n-type to p-pptype. The pure Co alloy as a small negative Seebeck coefficient; increasing the Rh concentration results in a relatively large positive Seebeck coefficient. For Rh, the highest Seebeck coefficient is approximately 125 uV/K at 700 K for x=0.6 Rh. Higher Rh concentrations result in lower Seebeck coefficient. However, for Rh concentrations >0.9, the electrical conductivity displays an activated behavior, increasing with increasing temperature.
The effect of impurity doping in HfCoSb half-Heusler system. Band structure and transport property calculations were performed on HfCoSb as a function of carrier (hole) concentration and impurity species (HfCoSbo.75Xo.2s> X=Ge, Sn, Pb). Transport property calculations for HfCoSb showed the highest power factor near a hole concentration of 4xl0 21 /cm 3 corresponding to doping of 25%. Doping atom had little effect on the electronic transport.
Nickel oxide nanoparticles prepared by combustion synthesis. We developed a combustion technique for the synthesis of nickel oxide (NiO) nanoparticles. Up to 2.0 g of nanoparticle can be produced with particle sizes from 3 to 350 nm depending on the reaction conditions and post-synthesis annealing. These nanoparticles are used as nanometer-scale inclusions for the creation of half-Heusler-based nanocomposites.
Synthesis and characterization of HfO^Nanoparticles for nanoinclusion in half-Heusler matrix. Hafnium oxide (Hf0 2 ) nanoparticles have also been produced as inclusions for nanocomposites. Here, the nanoparticles are synthesized by sol-gel chemistry using hafnium(IV) tert-butoxide and ammonium hydroxide. Annealing at 5005C results in highly crystalline Hf0 2 . Although the particles have irregular morphology, they are suitable as nanoinclusions in our composites.
Synthesis of ZrNiSn by mechanical alloying. Mechanical alloying (or ball-milling) is being explored as an alternate synthesis method for half-Heusler alloys. This technique, in which elemental constituents are placed in a high-energy ball mill in an inert atmosphere, eliminates the high temperature processing (melting, arc melting). After 10 hr, phase pure ZrNiSn is produced with a grain size of approximately 11 nm. The powders were consolidated by both conventional hot pressing and spark plasma sintering. A detailed analysis of the x-ray diffraction pattern yields grain size and strain as a function ball-mill reaction time and method of consolidation.
Measurement of modulus and hardness of nanocomposites. We have measured the modulus and hardness of Ir-and Rh-substituted half-Heusler compounds consolidated hot pressing and spark-plasma sintering. The measurements were made with Agilent G200 Nano Indenter acquired as part of this grant. This system is capable of Continuous Stiffness Measurements (CSM) with allows the determination of mechanical properties as a function of penetration depth of the nanoprobe. The system also has a nanopositioning stage for positioning and scanning. We find that the elastic stiffness is high when compared to other materials being considered for thermoelectric applications. The presence of Ir or Rh did not have a significant effect on the stiffness or hardness of this half-Heusler compound.
Finite element analysis modeling of thermoelectric devices. FEA modeling was performed on device geometries to obtain the temperature distribution of thermoelectric generator (TEG) device. This allowed us to numerically predict device performance, determine thermal/mechanical stresses, estimate allowable stress/strain limits of the material and optimize device geometry. 2 , NiO, or PdGe eutectic) have been studied. Generally, the inclusion of these nanoparticles serves to increase electrical conductivities but decrease the magnitude of the Seebeck coefficient with respect to their host matrixes, consistent with a semiconductor/metal composite material.
IV. TECHNICAL ACCOMPLISHMENTS
A. Half Heusler Compounds
We were synthesized by high temperature solid-state reaction and the thermoelectric properties of the hot-pressed pellets were measured in the temperature range from 300K to 800K. Well mixed high purity powders of the elements, weighed in the appropriate stoichiometry, were vacuum-sealed in silica tubes and annealed at 900 °C for several days. The effect of the variation of Ir concentration on the thermoelectric properties of the samples was investigated.
At 300 K the thermal conductivity of Zro.5Hfo.5C01-xlrxSbo.99Sno.01 decreases with increasing Ir content from ~6.5 W/m-K for x = 0, reaches a minimum of ~4.0 W/m-K for x = 0.3 and increases thereafter with further addition of Ir. The thermal conductivity of Zro.5Hfo.5COi.JrxSbo.99Sno.01 decreases with rising temperature and the smallest value of ~2.5 W/m-K was observed at 700K for x = 0.3. All samples show p-type semiconducting behavior in the measured temperature range. At 300 K, the electrical conductivity and thermopower of Zro.5Hfo.5C01.xlrxSbo.99Sno.01 materials increase with increasing Ir concentration. The largest electrical conductivity and thermopower values of 140 pW/K and 150 S/cm was observed at 300 K for x = 0.7. •AaJLaama. observed trend follows Vegard's Law and indicates that "true" solid solutions are obtained when Co is increasingly substituted by Ir in the Zro.5Hfo.5C01.
x lr x Sbo.99Sn 0 .oi materials. The formation of the "true" solid solution is important for the reduction of the lattice thermal conductivity of Zro.5Hfo.5C01. "lrxSbo.99Sno.01 materials through mass fluctuation phonon scattering. Table I shows the percent densification of the hot pressed pellets of the synthesized materials. The percent densification was obtained by dividing the pellet density (calculated from sample geometry and mass) by the "true" density of the powder sample measured using He gas pycnometry. All pellets used for the properties measurements showed at least 97% densification.
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• XT The total thermal conductivity of the synthesized bulk Zro.5Hfo.5C01-xlrxSbo.99Sno.01 half-Heusler samples are shown in Figure 2A . Regardless of the Ir content, the total thermal conductivities of the materials decrease monotonically with increasing temperature. For example, the thermal conductivity of Zro.5Hfo.5Coo.7lro.3Sbo.99Sno.01 (x = 0.3) decreases from ~4 W/m-K at 300 K to ~2.5 W/m-K at 750K. The lattice component of the thermal conductivity calculated using the equation K tota i = K e -+ K L , (where K tot ai is the total thermal conductivity, K e -= 2.44 x 10" 8 oT, is the electrical component of the thermal conductivity and K L is the lattice component of the thermal conductivity) was found to follow a similar trend ( Figure 2B ). The smallest lattice thermal conductivity, ~2.6 W/ m-K was observed at 750 K for sample with x = 0.3. Regardless of the (•) *<** temperature, the lattice thermal conductivity of the materials decreases with increasing Ir concentration, goes through a minimum and then increases with further increases in Ir content ( Figure 2C ). The change in lattice thermal conductivity as a function of x (Ir content) at a given temperature was approximated by a second-order polynomial. The quality of the fit of this function was found to produce R 2 > 0.9 for all temperatures. The minima of the polynomial function was used to determine the approximate Ir concentration of minimum lattice thermal conductivity ( Figure 2D ). The value of x giving the minimum lattice thermal conductivity appears to decrease with increasing temperature. However, the observed variation of the X(minimai) as a function of temperature is very small. The average value X( min i ma i) = 0.38 was determined as the optimum Ir concentration necessary to reduce the thermal conductivity of Zro.5Hfo5C01-xlrxSbo.99Sno.01 materials to the minimum obtainable for this solid solution. The optimal value of x will be used in future experiments aimed at optimizing the thermoelectric performance of half-Heusler phases with general composition Zri.yHf y Coi.xlr x Sbi. z Sn z . Figure 3A shows the electrical conductivity of the Zro.5Hfo.5COi.xlrxSbo.99Sno.01 samples.
The electrical conductivity increases with increasing Ir concentration. For compositions with x = 0 and 0.1, the electrical conductivity is very small (~ 2 S/cm at 300K) and increases slowly with rising temperature. When the Ir content is increased to x = 0.3, the electrical conductivity of the material at 300K jumps from 2 S/cm to approximately 15 S/cm. As the temperature increases, the electrical conductivity of this particular composition also increases indicating that the material is an intrinsic semiconductor. At Ir concentration x = 0.5, the room temperature value of the electrical conductivity is ~ 60 S/cm. The electrical conductivity increases further to 155 S/cm at 300 K when the Ir content is increased to x = 0.7. The electrical conductivity versus temperature curves for the last two compositions showed a maximum of conductivity at 600K (x = 0.50 and 450 K (x = 0.7). This trend suggests that, the conduction type within the Zro.5Hfo.5C01-xlrxSbo.99Sno.01 varies with increasing Ir content. At low Ir content (x = 0, 0.1 and 0.3), the samples behave as normal semiconductor. As the Ir content increases, the Zro.5Hfo.5C01-xlrxSbo.99Sno.01 materials increasing evolve towards degenerate semiconducting behavior. 
2.
Thermoelectric properties ofZr n <;Hfn<;NiuiPd x Sn n QtSbnm alloys (0.0 < x < 1.0)
Thermal and electrical transport measurements were made in the temperature range from 300 K (20°C) to 750 K (475°C). Figure 4 shows the results of the electrical conductivity and Seebeck coefficient measurements. The conductivity varies from 1000 to 3000 S/cm with the highest conductivity for the x=0.6 compound (this compound also has the lowest Seebeck coefficient). All samples are n-type semiconductors with the Seebeck coefficient varying between -50 uV/K to -170 uV/K at high temperature. The largest Seebeck coefficient in found in the x=0.2 compound. Power factor (S o) is shown in Figure 5 along with the thermal conductivity. The largest power factor is found in the x=0 (pure Ni) compound. The power factor seems to decrease with increasing Pd concentration (increasing x), except for x=0.6, which has the lowest power factor. Thermal conductivity is shown in Figure 5 (right). The lowest thermal conductivities are around 4 W/m-K for the x=0.4 ; 0.5 and 0.8 samples. Finally, figure of merit, (ZT) is shown in Figure 6 . Despite having the highest thermal conductivity, the highest figure of merit is Z7=0.63 and is found in the pure Ni sample (x=0). Our investigation on the effects of Ir substitution on the thermoelectric performance of Zro.5Hfo.5C01.xlrxSbo.99Sno.01 half-Heusler alloys showed a complete solubility of Ir on the Co site for 0 < x < 0.7. The lattice thermal conductivities of hot pressed pellets of the synthesized materials decrease with increasing Ir content to an optimum concentration of x ~ 0.38. For composition with x = 0.3, the lowest lattice thermal conductivity of ~2.5 W/m-K was obtained at 750K. This optimum Ir concentration (x = 0.38) will be used in future studies aiming at optimizing the thermoelectric performance of the Zri. v HfyCoi. x lr x Sbi. z Sn z half-Heusler materials.
From the Zr 0 .sHfo.5Ni lx Pd x Sno.99Sbo.01 study, we found that the most promising materials for the thermoelectric generator applications are the compounds with x=0, x=0.5 and x=0.8.
B. Band Structure Calculations
We have studied the electronic structure and electronic transport properties of simple halfHeusler (HH) compounds (ABSb, /4=Hf,Zr; ß=lr,Co) to understand the interplay between the band structure and the thermoelectric behavior such as thermopower, electrical conductivity, and hence power factors. The calculations are performed by the projector augmented wave (PAW) method as implemented in VASP with Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) for the exchange-correlation potential. A plane-wave cutoff energy of 400 eV and an energy convergence criterion of 10" 4 eV for self-consistency are adopted. For transport property calculations, we have used a 41X41X41 Monkhorst-Pack kpoint sampling for the primitive unit cell with three atoms. For cases of impurity study, we have used a cubic cell with twelve atoms. From obtained band structure, we have calculated the transport properties such as thermopower, electrical conductivity, hence power factor, and electronic thermal conductivity using Boltzmann transport equations. Some of our results are summarized below.
Electronic Structure and thermoelectric properties of Sb-based half-Heusler compounds
We have studied the electronic band structure and thermoelectric properties of ABSb (/4=Hf,Zr; S=lr,Co) half-Heusler compounds ( Figure 7 ). The valence band maximum occurs at the L point in the Cocompounds while it is at the T point in the lr-compounds. The position and hybridization of a s-like conduction band vis-ä-vis the hybridized d-bands of Co(lr) determines the nature of the conductions bands near the band gap region. In addition, there is a direct band gap at the T point in HflrSb, whereas in the other three compounds, the band gap is indirect, either between T and X or between L and X points. As shown in Fig. 8 , the Co compounds usually give large thermopowers, both for p-and n-dopings. However ZrlrSb, due to its interesting conduction band structure, gives the best n-type thermopower at higher temperatures. 
2.
Wiedemann-Franz law The HHs are considered to be promising thermoelectric materials because of their relatively large thermopowers and electrical conductivities. However, they show high thermal conductivities which limits their thermoelectric performance. The thermal conductivity is given by the sum of contributions from the electronic carriers ( K tl ) and the lattice (/c,). There are various attempts to reduce the thermal conductivity. The main approach is to reduce the lattice thermal conductivity. For this purpose, nanoparticle phonon scattering centers, points defects, and grain size reduction can be introduced in a bulk system. In experiments, to obtain the lattice thermal conductivity they measure the total thermal conductivity and then substract the electronic thermal conductivity which is usually calculated from Wiedeman-Franz (WF) law. Wiedemann-Franz law states that the ratio of the electronic contribution to the thermal conductivity and the electrical conductivity of a metal is proportional to the temperature, i.e. (ii) at high 7", v.,,. is overestimated (~60% at 800 K) when WF law is used. As a result, K, is underestimated significantly. Thus, it needs caution to estimate the electronic thermal conductivity using the WF law. 
Validity of rigid band approximation
The transport properties of thermoelectric compounds can be calculated theoretically using the band structure and Boltzmann transport equations, where the rigid band approximation (RBA) is employed. According to the RBA, doping a system does not change its band structure but only the chemical potential. This approximation is widely used in theoretical calculations of transport properties of doped semiconductors and is a reasonably good approximation when the doping level is not very large. However, Sekimoto et al. observed that ZrCoSb gives high power factor with 15 % of Sn doping in the compounds, which may affect its band structure. Therefore it is necessary to examine carefully the validity of the RBA in highly doped system. We have investigated the effect of impurity in the band structure of HfCoSb and hence their transport properties. As shown in the Fig. 10 , a system doped with the same valent atom such as Zr (Fig.10 (b) ) or Bi (Fig. 10(c) ) does not change its band structure significantly compared with that of HfCoSb. In contrast, systems doped with different valent atom result in a drastic change of the band structure. We have also calculated the effect of changed band structure in their transport properties which is shown in Fig. 5 . We observe a significant reduction of thermopower which may be caused from the removal of degeneracy in the band structure.
Interestingly, the thermopower of HfCoSbo.75Xo.25 with X=Ge, Sn, and Pb are nearly the same even though their band structures are slightly different. 
4.
Zr0.5Hf0.5lrxCol-xSb with 0<x<l One way to reduce the thermal conductivity is introducing mass fluctuation phonon scattering. We have studied the effect of Co substitution with Ir in Zr 0 .5Hfo. 5 CoSb on their band structure, which is shown in Fig. 12 . In these calculations, we have included spin orbit interaction (SOI). It can be seen that the degeneracy removes and the position of the valence band maximum changes from R to T point when the content of Ir increases. This may affect their thermoelectric behavior significantly.
• . 
C. Chemical Synthesis of Thermoelectric Nanoparticles
Our efforts have yielded well-studied routes towards facile, scalable synthesis of binary metallic nanoparticles for use in thermoelectric applications. These particles were produced both as nanoinclusions for the bismuth telluride based nanocomposites and as bulk, one-component nanostructured materials. Silver Telluride (Ag/Te) A significant effort was devoted to the development of a facile and scalable method for the synthesis of nanoscale Ag 2 Te nanoparticles. While we were able to produce single-phase, Ag 2 Te particles in the range of 50-200 nm, further reduction in particle size was not achieved. We were able to reproducibly obtain nanometer-scale Ag 2 Te particles in a two-step process through the reaction of AgN0 3 with preformed Te nanosheets and nanoscrolls. 3 , and finally allowing it to react at 180 °C for 1-2 h. The diffraction peaks are slightly broader than those observed through the direct addition of both Ag and Te (longer heating to obtain reaction completion, presumably leading to larger particle sizes of both Ag en route and then Ag 2 Te). TEM images for Ag 2 Te nanoparticles obtained through this route (Fig. 13 ) reveal particles sizes of under 50-100 nm. Trace amounts of sheetlike particles are still present, though imaging supports our hypothesis that the thin sheet and scroll-like Te particles are consumed in process of intermetallic formation.
Given the larger particles sizes of Ag 2 Te samples (50-100 nm) and the broad distribution of both size and shape, efforts were made to lower the synthetic temperatures, ideally impeding particle growth by limiting the available energy. To this effect, we explored external reductants (i.e. sodium borohydride, NaBH 4 ) to nucleate the preformed Te particles, which we have previously shown necessary for the formation of the final Ag 2 Te phase. Additionally, we investigated the effects of surfactant addition at various points during the reaction.
Reactions at varying temperatures and heating durations imply that Ag 2 Te formation through the injection of AgN0 3 requires the presence of reduced Te in solution. After repeated synthetic attempts, it is apparent that the initial PVP/Te solution must reach at least 250 °C in order to yield crystalline Te and that an aging period of 45-60 min is necessary for reaction completion (yields large amounts of Ag otherwise). These lower synthetic temperatures lead to particle sizes and morphologies which is in the desirable size regime, as shown in Fig. 5 . However, these are not fully converted presumably because there is not enough energy to convert fully to Ag 2 Te. The particles below (Fig. 14) are a mixture of Te, Ag, and Ag 2 Te. The samples were consolidated using hot press at 850 °C. The thermal and electrical transport properties are also reported.
Introduction of binary nanoscale metallic@insulator/semiconductor core@shell in half-Heusler matrix may be prove to beneficial by increasing electrical conductivity due to the presence of metallic core and at the same time decreasing thermal conductivity by phonon scattering at the nanoparticles boundaries. Surfactant free Co nanoparticles were synthesized by sodium borohydride reduction in aqueous solution and coated with 2 nm Si0 2 shell. Co@Si0 2 core@shell (20@2 nm) nanoparticles were thoroughly mixed with half-Heusler Zro.25Hfo.75NiSno.975Sbo.025 matrix in different weight percentage. The samples were compacted using hot press at 850 °C and transport properties were measured on compacted samples. Figure 15 shows the temperature dependence thermal conductivity of Zro.25Hfo.75NiSn 0 .975Sbo.o25/Co@SiC>2 nanocomposites. It is clear from figure 1A that total thermal conductivity of matrix materials decreased by introduction of 1 and 2 weight percentage of Co@Si0 2 nanoparticles. Further analyzing the thermal conductivity (Figure 15 B & C), it was found that the deceased in thermal conductivity is mainly due to electronic contribution. We are in process of analyzing the microstructure of the samples, however, it is speculated that 2 nm Si0 2 shell may not be enough to protect Co from diffusing into the matrix materials during compaction at 850 °C. Figure 2A show that electrical conductivity of the matrix materials is decreased by introduction of 2 wt % Co@Si0 2 nanoparticles. It is not clear what caused the decrease in electrical conductivity of the nanocomposite, however, it might be possible that the ferromagnetic Co nanoparticles may have created a local magnetic field. This local magnetic field might have caused some scattering of electrons, which then resulted in decrease in electrical conductivity. Figure 16B shows that the Seebeck coefficient of the nanocomposite sample decreases compared to matrix material. if they are to be useful for long term applications. Measurements of physical and mechanical properties were used to develop an understanding of the relationship of the structure and processing methods to the performance of the materials. Synthesis and processing will be optimized to meet the needs of engineered devices.
A microhardness tester will be used to obtain hardness measurements and determine the modulus of elasticity for thermoelectric samples. These tests will be used to assess homogeneity of mechanical properties as a function of processing parameters. Properties will be measured in conjunction with thermal fatigue testing to assess life-cycle performance. Static tensile and fatigue loading will be performed on larger samples (~1 inch in length) as needed to study the mechanical and fracture behavior of these materials utilizing a 1000 lb Fullam tensile substage compatible with in-situ electron microscopy (available at UNO). This data will aid in optimizing process parameters and validating homogeneity in properties for use in thermoelectric devices.
A total of 5 n-type Zr 0 .2sHfo. Evaluation of the fracture toughness of half-Heusler compounds formed using different synthesis methods was performed. Three sets of samples of the composition Tio5Hfo.5Coo.5lro.5Sb1.xSnx at x= 0, 0.1, 0.2, 0.3, and 0.4. Each set was formed using a different method as follows: (1) high-energy ball-milling for lOhr and hot pressed at 950°C and lOOMPa; (2) high temperature solid state reaction at 900°C for 30 days and hot pressed at 950°C; and lOOMPa, and (3) high temperature solid state reaction at 900°C for 30 days then high-energy ball-milling for lOhr and hot pressed at 950°C and lOOMPa. Fracture toughness testing was performed by using microindentation along with optical microscopy to determine the lengths of the cracks emanating from the corners of the indentations. Samples of similar composition produced using methods (1) 
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